Polyvinylpyrrolidone (PVP) and tannic acid (TAN) macromolecules were attached to polymethyl methacrylate (PMMA) surface in a two-step approach in order to establish a tailored tissue-friendly surface layer. First PMMA surface was activated by an air diffuse coplanar surface barrier discharge plasma and subsequently coated with these macromolecules. PVP and TAN which has antibacterial effects are widely used in food and drug industry, however have never applied for polymer surface modification. Throughout characterization measurements confirm that during plasma treatment oxygen containing functional groups (-OH, -C=O, -COOH) incorporate in the surface. 1HNMR spectroscopy verified the strong H-bonds between PVP and TAN, which rendered the layer-by-layer as- Many researches have been carried out to overcome this shortcoming of polymers including PMMA.
Polymers are extensively applied in many areas of medicine due to its bioinert characteristic and its ease of tailoring their physical and chemical properties for a given purpose. Polymethyl methacrylate (PMMA) is also widely used in many areas of life [1, 2] due to its superior chemical and physical properties. It has excellent light transmittance, low density and mechanical properties (impact strength, toughness) superior to glass [3] . The ease of processing and low production cost also contributes to their widespread application. Its biocompatibility makes PMMA highly attractive material in medicine either as drug delivery agent, eye-and contact glasses, orthopedic surgery or dentistry, but especially as intraocular lenses [4, 5] . One of the main concerns of their use as implant is its hydrophobic nature. Hydrophobic surfaces have strong tendency to adsorb proteins such as cells and bacteria, often irreversibly [6, 7] .
Many researches have been carried out to overcome this shortcoming of polymers including PMMA.
A common approach to make the surface more hydrophilic is to modify the surface chemistry. Due to PMMA surface by Ar plasma irradiation [10] and attained improved hydrophilicity and antithrombogenicity. Diamino-PEG was attached onto PMMA by hydrolysis or aminolysis method by Patel et al. [11] to take advantage of the cell adhesion resistance of PEG. HEMA as a nontoxic, non-immunogenic and non-antigenic biocompatible material was also grafted onto previously functionalized surface both by Wei [12] and by Gilliam et al. [13] . Surface functionalization was performed by low temperature atmospheric plasma process and by dielectric barrier discharges at relatively high pressure, respectively. As a result, PMMA intraocular lenses exhibited suppressed proliferation of cells.
Over the past decades numerous methods have been developed for surface modification of polymers, such as wet chemical methods [14] [15] [16] , chemical vapour deposition [17] , UV irradiation [18, 19] , several varieties of plasma treatments [20] [21] [22] [23] [24] , etc. [25] . Among plasma treatments the nonequilibrium atmospheric pressure dielectric barrier discharge (DBD) plasma processing has become one of the most promising techniques due to the combination of its advantages, including fast, environmental friendly, solvent-free processing, low operation and maintenance costs [26] considering atmospheric operation version. DBD is typically obtained between two parallel electrodes separated by a gap of some millimetres and excited by alternating current voltage with frequency in the range of 1-20 kHz [27] . The diversity of DBD configurations regarding the geometrical shape and operating parameters is remarkable. With coplanar electrode arrangement a surface discharge can be ignited, which allows the treatment of large flat areas. In this configuration the electrodes of opposite polarity are embedded within a plane dielectric material usually made of glass, quartz or ceramics. The plasma treatment affects only the topmost layer (cc. 10 nm) [23,28,] The introduced groups (C=O, -COOH,-OH,-NH 2 , etc.) could be subsequently used to bind other molecules to attain the desired properties [12, 29, 30] .
In this work we present the surface modification of PMMA by Diffuse Coplanar Surface Dielectric Barrier Discharge (DCSDBD) operated in atmospheric pressure air, which was successfully employed in our earlier work for enhancing the hydrophilicity and thus the wettability of polytetrafluoroethylene (PTFE) [31] . The aim of surface modification is to endow antimicrobial properties of the PMMA surface. Unlike earlier studies we attain this by attaching selected macromolecules including polyvinylpyrrolidone (PVP) and tannic acid (TAN) onto the activated surface. While both molecules are biocompatible, the tannic acid also exhibits strong antimicrobial effect [32, 33] , which may be of a great practical use in intraocular lens production. PVP alone could increase the hydrophilic properties of the surface [34] but its primary role is to improve the attachment of TAN to PMMA. The plasma system used for surface activation is a diffuse coplanar surface barrier discharge (DCSBD) (manufactured by Roplass s.r.o., Brno, Czech Republic). The DCSBD plasma panel consists of two sys- created between the electrodes giving its H shape [35] . Visually homogenous plasma can be attained with increasing voltage and absorbed power as more and more elementary discharges are generated. Due to the applied high voltage, heating of the dielectric surface is expected, as well as that of the surrounding gas. To keep the system at the lowest possible temperature with a simple cooling system, oil is circulated over the system, which makes possible to keep the gas temperature around 370 K [26] . The discharge in the present study was operated in air at 300 W, which provided a quasihomogeneous diffuse plasma surface.
Sample preparation and surface treatment
All experiments were performed on PMMA discs with dimensions of 1 cm of diameter and 2 mm of thickness. The discs were cut off from extruded PMMA sheet produced by Quatroplast Ltd. (Hungary). The surface of the sheets was covered by a foil which was removed after cutting. Samples were then washed with water containing 1wt% detergent for 5 min and rinsed successively with deionized water for another 5 min using an ultrasonic cleaner. Finally, the samples were dried and stored at ambient conditions. After this procedure one side of the samples were treated with DBD plasma for 3 min. A constant distance of 0.5 mm was kept between the DBD surface and the polymer sample disc, while the latter was constantly moved on the top of the DBD unit. After plasma treatment the activated PMMA samples were coated with polyvinylpyrrolidone ((C 6 H 9 NO) n , PVP10, Sigma-Aldrich, average mol wt 10000) and tannic acid (C 76 H 52 O 46 ,TAN, ACS reagent, Sigma-Aldrich) by the layer-bylayer technique using the dip-coating method. For this purpose 1 wt% solution from PVP and TAN were prepared. After plasma treatment the samples were put into a continuously shaken PVP solu-F o r P e e r R e v i e w 6 tion. After 1 hour of soaking the samples were washed with distilled water for 2 minutes, dried at 70°C for 10 minutes and placed into TAN solution for another hour. These steps were repeated five more times to reach a targeted 6 PVP-TAN double layers. One sample was prepared for reference.
After activation one drop of PVP solution was put onto the surface to establish reaction between the activated surface and the macromolecule. Before measurements all samples were cleaned by rinsing it in distilled water from un-reacted macromolecules. Table 1 Conditions for sample preparation Contact angles were measured by the static sessile drop method at room temperature using double distilled water and diiodomethane (Sigma-Aldrich, Reagent Plus 99% grade), applying the SEE System apparatus (Advex Instruments, Czech Republic). A Hamilton syringe was used to inject 2 µl droplets.
The calculated contact angles are the average of five measurements, performed always on previously Fourier transform attenuated total reflectance infrared spectra (FTIR-ATR) were recorded on the discs in the wavelength range of 4000 and 400 cm -1 in 32 scans, using a Tensor 27 (Bruker) spectrophotometer equipped with a Platinum ATR unit A225. The crystal was made of diamond having refractive index of 2.4. For the background signal the measured medium was air.
X-ray photoelectron spectra were recorded on a Kratos XSAM 800 spectrometer operating in fixed analyser transmission mode, using Mg Kα1,2 (1253.6 eV) excitation. Survey spectra were recorded in the kinetic energy range of 150 -1300 eV with 0.5 eV steps. Photoelectron lines of the main constituent elements, i.e., the O1s, N1s and C1s, were recorded by 0.1 eV steps. The spectra were referenced to the C1s line (binding energy, BE = 285.0 eV) of the hydrocarbon type carbon. A GaussianLorenzian peak shape (70/30 ratio) was used for peak decomposition. Quantitative analysis, based on peak area intensities after removal of the Shirley-type background, was performed by the Kratos Vision 2 and by the XPS MultiQuant programs [37] , using experimentally determined photoionization cross-section data of Evans et al. [38] and asymmetry parameters of Reilman et al. [39] .
Surface chemical com-positions were calculated by the conventional infinitely thick layer model, where all compo-nents are supposed to be homogeneously distributed within the sampling depth detected by XPS. Layer thickness was calculated by the Layers-on-Plane model [37] .
Atomic force microscopy (AFM) measurements were performed in ambient condition, at room temperature, in contact mode using multimode AFM (NanoScope V) (Veeco Instruments, Inc., USA). The following parameters were applied: several different scan areas on each sample, scan size 10 μm, scan rate 2 Hz, 512 × 512 pixel images. Silicon nitride cantilevers were used with force constant of 0.12 N m -1 . The analysis was performed with Nanoscope 7.30 software. Most obvious changes in IR spectrum on the effect of plasma treatment occurred in the range of 3620-3125 cm -1 that is magnified in the figure. This absorption interval is attributed to OH stretching vibrations and suggests an increase of oxygen-containing functionalities on the surface. The grafting process was carried out immediately after activation to avoid post-plasma auto-oxidation [41] and possible hydrophobic recovery [42] that seems to be typical for many polymers after plasma treatment [43] .
Results and discussion
The IR spectrum of PVP grafted surface shows that the intensity of the broad OH peak increased further, which could be attributed to the traces of water attached to PVP molecules on the surface. The intensity of this OH peak slightly decreased after the alternate dipping of the activated surface into PVP and TAN solutions. We assume that a reaction took place between PVP and TAN, and consequently the number of active groups capable to bind water decreased. The reaction between macromolecules of PVP and TAN could not be detected by FTIR as their molecules bind only by strong Hbonds.
Interaction between PVP and TAN studied by NMR
All phenols including TAN can establish H-bonds with N-substituted amide and this bond is one of the strongest types of H-bond [44] . According to Loomis [45] it was discovered that both soluble and The carbon and oxygen components of the pristine PMMA sample (PMMA) correspond to the literature values [46] shown in Table 2 . The surface composition is close but not identical to the expected theoretical values (PMMA simulated). The system can be described by a 0.9 nm hydrocarbon layer on the top of pure PMMA (Fig. 6 ). Applying PVP treatment (PMMA-PVP), the shape of the C1s and O1s did not show large differences, comparing to the PMMA-DBD sample, because the chemical states are quite similar in the PMMA and PVP. In the N1s spectrum the N1 state is dominating, according to the PVP. The measured surface composition can be reasoned by a ca. 0.4 nm thick PVP layer on the PMMA (Fig. 6 ). The repeated and alternate exposition of the PMMA to PVP and TAN resulted in increased N content and lower O content that provide an unambiguous proof for the attachment of PVP and TAN onto the surface. Table 3 Binding energy (eV) values of the C1s, O1s and N1s photoelectron lines and their assignations in the compounds applied in the experiments. 
Contact angle measurements
Contact angle measurements are commonly used to evaluate the hydrophilicity of polymer surfaces.
Contact angles Θ w and Θ DM measured with water and diiodomethane, respectively, and the calculated values of the total surface energy γ tot , as well as its polar γ pol and dispersive γ disp components are tabulated in Table 4 . It can be seen that plasma treatment resulted in significant decrease in the contact angles, whilst the total surface energy, as well as its polar and dispersive components increased.
In particular, the polar component doubled and the dispersive component increased by ca. 5 %. It suggests that the increase in surface energy can be attributed to the appearance of hydrophilic polar groups. The low standard deviation of contact angles is an indication of the homogeneity of the CSDBD treatment. Fig. 7 . shows the water contact angle values with respect of treatment time. It is clearly seen, that there is a sudden drop in the contact angle even after a few seconds' treatment but longer treatment time resulted in no further considerable decrease. Similar findings were reported for plasma treatment of various types of polymers [8, 47, 48] . Table 4 Contact angles, surface energy and its components for the samples 
Surface morphology
The wettability of a surface in general is determined not only by the surface chemical functionalities but also by the surface roughness [49, 50] . Thus the overall wettability can be explained by the competition of two factors: the increase of the roughness and the change of the surface chemical composition. Plasma treatment affects both factors. In addition to the formation of new radicals and functional groups, it also modifies the surface morphology by increasing the roughness [48] .
The surface morphology was investigated by AFM to determine the 3D surface topography and calculate the changes in roughness. Fig 8 shows the single line profiles of the samples before and after plasma treatment, and after grafting. The major roughness parameters, including maximum roughness depth (R max ), root mean square (R rms ) and mean roughness depth (R a ) obtained from AFM scans regarding a scanning area of 10 µm x 10 µm are tabulated in Table 5 . The surface of the pristine polymer ( Fig. 8.) is relatively smooth due to the polyethylene foil which protected the surface from scratching: the maximum roughness is quite close to mean roughness. The topography and roughness of the sample after plasma treatment has been significantly changed (Fig. 9.a and b) . Fig. 9 .a shows rough morphology with visible hillocks all over the whole surface. During treatment both etching and degradation take place on the PMMA surface due to breaking of chemical bonds on the effect of the energetic active species of the plasma. Formation of low molecular weight oxidized materials (LMWOMs) could also contribute to increased roughness [51] . 
